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Abstract
This thesis presents minimal quantum mechanical models for the interaction between elec-
tronic excitations in a chromophore with its surrounding environment, including protein,
bound water and bulk solvent. The interaction of the chromophore’s electric dipole moment
with the fluctuating electric dipole moments of the solvent and protein molecules is shown
to be described by an independent boson model. An explicit microscopic derivation is given
for the spectral density through a fluctuation-dissipation relationship. Continuum dielectric
models are used to describe the protein and solvent. Several models are proposed for the
structure of the protein and bound water around the chromophore, and spectral densities
are obtained analytically for each case. These spectral densities depend only on measur-
able quantities, in particular the relaxation times of the environment, which are generally
obtainable from experiment or simulation.
In most cases, the relaxation times of the solvent, bound water and protein are widely
separated and it is shown that individual contributions to the total spectral density can
then be identified for each of these features. Current methods for obtaining the spectral
density from molecular dynamics simulations and experiments such as the dynamic Stokes
shift and three pulse photon echo spectroscopy are examined, and a survey of recent results
is undertaken. Minimal models are used to provide a natural explanation and model for
the different time scales observed in the extracted spectral densities, and suggest physical
processes corresponding to experimental peaks.
In many situations, it is found that only one aspect of the environment is important for
the quantum dynamics. The relative contribution of each component is determined by the
ix
x Abstract
time scale on which one is considering the quantum dynamics of the chromophore. Results
are then compared to those obtained for specific chromophores in specific proteins. The
effect of the protein on ultrafast solvation is also considered.
The models are then extended to two optically active molecules coupled by resonance
energy transfer. When only a single excitation is present, the transfer dynamics of the exci-
tation is shown to be described by the spin-boson model, with a spectral density given by the
sum of the spectral densities of the individual chromophores. The dynamics of such systems
are investigated and quantitative criteria are given for the presence of quantum coherent
oscillations of excitations between the chromophores. Experimental tests to confirm these
results, and to investigate the quantum-classical crossover between coherent and incoherent
transfer, are proposed through the use of Fluorescent Resonant Energy Transfer (FRET)
spectroscopy. The results are then applied to systems of coupled chlorophyll molecules in
the photosynthetic reaction centre.
Finally, spin-boson models suitable for describing the conical intersections associated
with conformational change of a chromophore are proposed, and possible applications to
modelling the transfer of vibrational energy within proteins and predicting spectra circular
dichroism spectra for proteins are discussed.
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1.1 Timescales for various processes in biomolecules and solutions. The radia-
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 τp (compare Fig. 1.1). . . . . . . . . 10
1.2 Parameters of the spin-boson model, and their units. . . . . . . . . . . . . . 29
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of the quantum system with different parts of its environment. The quantum
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ment which undergoes solvation relaxation at a rate comparable to ∆. LHI
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3.2 Solvation relaxation times for various chromophores in a range of environ-
ments. The values of relaxation times and their relative weights are deter-
mined by fitting the time dependence of the dynamic Stokes shift (3.45) or
three-pulse photon echo peak shift (3PEPS) to the functional form (3.48).
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ation in estimates of the reorganisation energy depending on whether one
estimates it from the maxima in the absorption and emission spectra or from
the first frequency moment of the spectra [48]. It should be noted that the
time resolution is different in the various experiments. Some did not have
access to femtosecond time scales and so we have left the relevant columns
blank. SC is Subtilisin Carlsberg. HSA is Human serum albumin. In HSA
the Acrylodan chromophore is at the surface of the protein, whereas the
Phycocyanobilin chromophore is much less exposed to the solvent. HSA is
in its native folded form in the buffer but denatures in concentrations of
Gdn.HCl (guanidine hydrogen chloride) greater than about 5M. DCM is 4-
(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl) 4H-pyran, bR is bac-
teriorhodopsin, MPTS is 8-methoxypyrene-1,3,6-trisulfonate and bis-ANS is
1,1-bis(4-anilino)naphthalene-5,5’ disulfonic acid. . . . . . . . . . . . . . . . 78
4.1 Behaviour of P (t) = 〈σz(t)〉 for the spin-boson model, which gives the state
of the two level system as a function of time t, for = 0 and ∆  ~ωc,
where ∆ is the tunneling strength and ωc is the high frequency cut-off of the
spectral density J(ω). “loc” refers to localisation, “coh” to damped coherent
oscillations and “inc” to incoherent behaviour i.e., exponential decay. T is the
temperature of the system and α is the dimensionless coupling constant of the
chromophores to the environment as defined in Equation (1.16). τ refers to
the relaxation rate in the expression P (t) = exp(−t/τ). The analytic form of
P (t) is given where known, and is generally valid only for timescales longer
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5.1 Typical energy scales E and the corresponding time scales τ = h/E relevant
to Fo¨rster Resonance Energy Transfer in several systems. ∆ is the Fo¨rster
coupling between the two chromophores,  is the difference in energy of their
first excited states. ωc is the high frequency cut-off of the spectral density
J(ω) in the relevant spin-boson model. Typically, 1/ωc =
2∞+p
2s+p
τD, where τD
is the Debye relaxation time of the solvent and s and ∞ are the solvent’s
static and high frequency dielectric constants respectively. LH-I and LH-II
are the photosynthetic light harvesting complexes, and “BChl” is the bacteria
chlorophyll molecule. We observe that the fluorescence lifetime τrad is much
longer than the other time scales, suggesting that all other processes of interest
occur before radiative decay. We note also that both ∆ and  span two orders
of magnitude, so we might expect very different behaviour for BChl’s in LH-II
than for typical FRET spectroscopy, such as between green and red fluorescent
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